FoxP2 is a member of the winged helix/forkhead class of transcription factors. despite FoxP2 is found to have particular relevance to speech and language, the role of this gene is broader and not yet fully elucidated. in this study, we investigated the expression of FoxP2 in the brains of bats with different feeding habits (two frugivorous species and three insectivorous species). we found FoxP2 expression in the olfactory tubercle of frugivorous species is significantly higher than that in insectivorous species. difference of FoxP2 expression was not observed within each of the frugivorous or insectivorous group. the diverse expression patterns in olfactory tubercle between two kinds of bats indicate FoxP2 has a close relation with olfactory tubercle associated functions, suggesting its important role in sensory integration within the olfactory tubercle and such a discrepancy of FoxP2 expression in olfactory tubercle may take responsibility for the different feeding behaviors of frugivorous and insectivorous bats.
introduction
FoxP2 is one of the forkhead transcription factors which are involved in a wide range of important biological processes [15, 19, 29] . It was the first gene specifically linked to defects of speech and language [15] . FoxP2 orthologues are highly conserved in humans, mice, songbirds and zebrafish [10, 17, 36, 38] . Evolutionary analyses of amino acid changes in FoxP2 revealed it underwent positive selection in the human lineage since humans shared a common ancestor with chimpanzees, suggesting its involvement in the evolution of speech and language [6] . FoxP2 showed accelerated evolution in bats, implying a possible role in the evolution and development of echolocation [17] . Downregulation of FoxP2 in area x of songbirds using rnai mediated by lentivirus resulted in defects of tutor song production. This finding is consistent with the function that FoxP2 is required in motor control [10] . a humanized Acta Biologica Hungarica 64, 2013 version of Foxp2 can affect the dendrite length, dopamine level and synaptic plasticity of medium spiny neurons in the striatum of mice indicating the ways that Foxp2 impacts on circuits in the cortico-basal ganglia [5] .
FoxP2 is widely expressed in the lung, heart, gut and the central nervous system (CNS) of vertebrates [7, 22, [28] [29] [30] . It shows fairly similar expression patterns in the cns of many vertebrates at comparable developmental stages. FoxP2 is expressed in many areas in the cns, including the cortex, basal ganglia, striatum, thalamus and cerebellum [2, 3, 7, 8, 11, 16, 27, 30, 32, 35] . Although the gene expression studies have demonstrated apparent links between FoxP2 and acoustic communication and development, the specific roles of FoxP2 appear quite complex and remain to be fully elucidated.
in search of possible functions of FoxP2, we performed an analysis of FoxP2 expression patterns in the brains of two frugivorous bat species (Rousettus leschenaultii and Cynopterus sphinx) and three insectivorous bat species (Hipposideros armiger, Rhinolophus ferrumequinum and Myotis ricketti). we found there is no divergence in FoxP2 expression in most brain areas among the different species of bat examined (data not shown), whereas the olfactory tubercle, a trilaminar corticallike structure which is conceptualized as part of the ventral striatum, showed obvious expression differences of FoxP2 between the insectivorous and frugivorous taxa. it is well known that the olfactory information from the main olfactory bulb project to the anterior olfactory nucleus, piriform cortex and olfactory tubercle, while the olfactory tubercle could connect with numerous sensor centers and has a multidirectional afferent and efferent pattern [37] . The diverse role of the olfactory tubercle in olfactory perception is a crucial part of the olfactory system. Our findings shed new light on a yet unnoticed function of FoxP2 in the vertebrate brain. the differential expression patterns in the olfactory tubercle indicated that FoxP2 contribute to olfactory tubercle-associated functions and may be related to sensory behavior during foraging.
Materials and Methods

Animals
bats were captured from the wild and housed at east china normal university, shanghai, china. they were anesthetized with 0.5 mg/kg atropine and 15 mg/kg sodium pentobarbital (dissolved in 0.9% nacl) before cardiac perfusion via intraperitoneal injection. To obtain the brain samples, bats were then sacrificed by decapitation, followed by dissection. all experiments were conducted according to the rules of regulations for the administration of laboratory animals (decree no. 2 of the state science and technology commission of the people's republic of china) approved by the animal ethics committee of east china normal university (approval id : 20101002).
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Preparation of paraffin sections
Animals were housed at ECNU at least two weeks before being sacrificed. Six animals (both sexes) of each species were used to analyze the expression of FoxP2 protein. the adult bats were perfused with 4% paraformaldehyde dissolved in a 0.1 M phosphate buffer (pH 7.4). After perfusion, the brains were dissected and post-fixed at 4 °C for 24 hours. To remove fixative and water from the tissues and replace them with dehydrating fluid, brains were dehydrated ethanol, starting with 30% ethanol, followed by 50%, 70%, 85%, 90% and 95% ethanol, then three changes of absolute ethanol before proceeding to xylene for vitrification. After clearing, tissues were immersed in paraffin wax. Finally coronal sections at 6 μm were cut.
Immunohistochemistry
For immunohistochemistry (IHC), the paraffin sections were deparaffinized and rehydrated followed by microwave antigen retrieval. tissues were then incubated in primary antibody overnight at 4 °c (goat polyclonal anti-human FoxP2, santa cruz biotechnology, lnc, santa cruz, ca, usa, 1:300 dilution in 0.1 M pbs containing 1% normal rabbit serum). slices were then washed in 0.1 M pbs three times and incubated with biotin-rabbit anti-goat igg (Zhongshan corp., beijing, china) for 15 min at room temperature. avidin-conjugated horseradish peroxidase and diaminobenzidine (santa cruz biotechnology, lnc, santa cruz, ca, us) were used for development. controls were obtained by omitting the primary antibody. slices were captured for images with a leica dM4000b microscope (nussloch, germany).
the immuno positive cells were counted for calculating the FoxP2 protein signal. ten sections of each individual were averaged. to normalized the difference among species, the positive cell number in the olfactory tubercle was then divided by the positive cell number in the purkinje cell layer (pcl), in which the FoxP2 expression was prevalent throughout the mammals that have been studied [3, 7, 16, 30, 35] and we defined it as relative positive cell number. Tests for differences were analyzed using a Kruskal-Wallis test, Statistical significance was defined as p < 0.05.
Preparation of frozen sections
adult bats (three animals/species of both sexes were used) were perfused with 4% paraformaldehyde by cardiac perfusion. then the brain samples were dissected and post-fixed in 4% paraformaldehyde at 4 °C for 24 hours. They were then immersed in 30% sucrose to dehydrate and embedded in o.c.t. compound (saKura finetechnical, tokyo, Japan). brains were coronally sectioned at a thickness of 10 µm using a cryostat microtome (leica, nussloch, germany). the sections were mounted on lysinecoated glass slides (Dingguo, Beijing, China) and stored at -80 °C until use.
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Synthesis of riboprobes the c-terminal portion of FoxP2 which is located downstream the winged-helix/ forkhead domain is divergent among different species at the nucleotide level [31] . ) were used to generate species-specific probes. The cDNA fragments of these five genes were synthesized using adult bat brain cDNA and then cloned into pSPT18 vector (roche ltd., shanghai, china), using bamhi and hindiii restriction sites incorporated into the primers. The clones were confirmed by DNA sequencing. Purified plasmids were linearized and used as templates. Sense or antisense RNA probes were prepared with a dig rna labeling Kit (roche ltd., shanghai, china) following the manufacturer's instruction. In vitro transcriptions were driven by either T7 RNA polymerase or SP6 RNA polymerase.
in situ hybridization
In situ hybridization was carried out as described by lai et al. [16] with a small variation. Briefly, the sections were digested with 5 μg/ml proteinase K after washing twice in PBS. Then the slides were post-fixed in 4% paraformaldehyde solution. subsequently, the tissues were acetylated in freshly prepared 0.1 M triethanolamine containing 0.25% acetic anhydride (pH 8.0). After two hours of prehybridization, the sections were hybridized with 0.5 μg/ml sense or antisense probe in hybridization buffer (50% deionized formamide, 0.3 M NaCl, 20 mM Tris-HCl pH 7.5, 5 mM EDTA pH 8.0, 0.5 mg/ml yeast tRNA, 10% dextran sulfate and 1×Denhardt's solution) at 60 °C for 16 h. To diminish the non-specific background, samples were then washed intensively with 2 × SSC containing 50% formamide at hybridization temperature, followed by RNaseA (10 μg/ml) treatment at 37 °C for 30 min. The sections were washed sequentially with 2 × SSC and 0.2 × SSC for 20 min. Thereafter, the sections were incubated in blocking solution (2% blocking reagent,100 mM tris-hcl, pH 7.5, 150 mM NaCl, 0.1% Tween-20) for 2 h, and then incubated in AP-labeled anti-digoxigenin antibody (1 : 1000, roche ltd., shanghai, china) at 4 °c overnight. the staining reaction was performed until the proper signal developed, using nbt/ bcip (roche ltd., shanghai, china) as substrate. photographs were taken immediately after staining, using a Leica DM4000B microscope. For quantification of FoxP2 expression, mean optical density (Mod) was calculated from digitized images using image pro plus 6.0 software (Media cybernetics, bethesda, Md, usa). we normalized the difference among species via dividing the mean optical density of olfactory tubercle by mean optical density of PCL, which exhibited prevalent expression [3, 7, 16, 30, 35] fig. 1a-e) . Fig. 2 ) was higher than that in insectivorous bats (Fig. 1a-c , Hipposideros armiger: 1.5358 ± 0.0921, Rhinolophus ferrumequinum: 1.7430 ± 0.0507 and Myotis ricketti: 2.1700 ± 0.3187). In addition, the olfactory tubercle area expressing FoxP2 also appeared to extend over a much larger medio-lateral region in the frugivorous bats ( fig. 1d -e) compared with the insectivorous taxa ( fig. 1a-c) . the differences in FoxP2 expression between the five bat species were statistically significant (Kruskal-wallis test, p < 0.0001). as shown in figure 2 , the difference between the insectivorous bats and the frugivorous bats is highly significant (Kruskal-Wallis test, p < 0.0001), while there is no prominent difference in FoxP2 expression within frugivorous bats or insectivorous bats (frugivorous bat group: p = 0.0547, Kruskalwallis test; insectivorous bat group; p = 0.2168, Kruskal-Wallis test). furthermore, we investigated the expression of FoxP2 mrna using in situ hybridization. the in situ hybridization showed results concordant with the findings of the immunohistochemical approach. we also observed striking differences in FoxP2 expression in the olfactory tubercle, which exhibited a strong FoxP2 signal in frugivorous bat species ( fig. 3d-e) , but a weaker signal in insectivorous bat species ( fig.  3a-c) . as shown in figure 4 , the signal was more intense in the olfactory tubercle of the two frugivorous bat species (Cynopterus sphinx: 0.4565 ± 0.0072 and Rousettus (Fig. 4) . The FoxP2 mRNA signal in olfactory tubercle is significantly different (Kruskal-Wallis test, p < 0.05). albeit the differences between bats with different feeding habit were significant (Kruskal-Wallis test, p < 0.05), the difference within each of the two kinds of bats were not prominent (frugivorous bat group: p = 0.1266, Kruskal-wallis test; insectivorous bat group: p = 0.5611, Kruskal-wallis test). Cynopterus sphinx. scale bar applies for all discussion in this study, we made efforts to explore the FoxP2 expression in the brains of five bat species and found a divergence of FoxP2 expression in the olfactory tubercle between frugivorous and insectivorous bats at both the protein level and the mrna level, using immunohistochemistry and in situ hybridization methods, respectively. however, there is no obvious difference in expression patterns between bats within the two foraging groups. FoxP2 expression in the olfactory tubercle of frugivorous bats is very strong relative to that seen in insectivorous bats. since a mutation in FoxP2 causes developmental verbal dyspraxia [15] , this gene is connected to the evolution and development of speech and language. to our knowledge, such a divergence in olfactory tubercle is the first described in bats and it may be related to differences in foraging behavior. Bats show a remarkable diversity in their diets and are divided into two major groups: the insectivorous bats that feed primarily on insects, arthropods, fish, reptiles, amphibians, birds and mammals or frugivorous bats that consume a variety of fruits, flowers, nectar, pollen and foliage. the differences appear to be related more to diet than to all belong to the suborder yinpterochiroptera, while Myotis ricketti is also an insectivore that uses laryngeal echolocation, but belongs to the suborder yangochiroptera. previous studies have reported that FoxP2 is present in the olfactory system. FoxP2 expression occurs strongly in the olfactory bulb, anterior olfactory nucleus and olfactory tubercle of adult mice [7] . The expression of FoxP2 was also detected in the primordium of the olfactory cortex, piriform cortex, islands of calleja and the olfactory tubercle in the developing murine brain [30] . another study analyzed FoxP2 expression in four species of muroid rodents also found FoxP2 expressed in the olfactory system, including the glomerular layer in the main olfactory bulb, the accessory olfactory bulb and the olfactory tubercle [3] . the FoxP2 distributions in the olfactory system of muroids imply that the gene product can be part of the signal transduction cascade and it may be involved in the processing of smell. the olfactory tubercle responds to odors both at the population level and single-unit level, receiveing monosynaptic olfactory input from the olfactory bulb and the olfactory piriform cortex [9, 14, 26] . the two frugivorous bat species rely on olfactory cues to locate and distinguish their food, which mainly consist of ripe fruit [1, 23, 33, 34] , while the three insectivorous bats capture prey by employing echolocation. recruitment of molecules such as transcription factors in the neural ensemble of the olfactory system, especially in areas that integrate olfactory information with other sensory information can be considered to be involved in the mechanisms involved in odor processing. the preferential expression of FoxP2 in the olfactory tubercle may be important for odor recognition by fruit bats. in addition, FoxP2 is expressed in the spiny neurons of the basal ganglia [7, 16, 24, 25, 30] . Mutant mice carrying a humanized form of FoxP2 increase the length of the medium spiny neurons and synaptic plasticity [5] , suggesting that FoxP2 plays a role in maintaining the morphology of neurons. the olfactory tubercle is a part of the ventral striatum, which consists of medium spiny neurons [12, 21] . FoxP2 expressed in the olfactory tubercle may contribute to the integration of olfactory sensory input from upstream projections and play a role in generating output to other sensory structures by maintaining the sensitivity of neurons. further studies are needed to clarify the underlying mechanism of different FoxP2 expression in frugivorous and insectivorous bats. taking into consideration the potential role of the olfactory tubercle and the different FoxP2 expression patterns in the olfactory tubercle between the two kinds of bats, our findings suggest FoxP2 may be a functional molecular target connected to olfactory processing. in addition, the olfactory tubercle is not merely an olfactory sensory structure. it is also interconnected with many brain regions. visual information is also forwarded to the olfactory tubercle [20] , indicating that the olfactory tubercle is an integrative and convergent component in the ventral striatum. the olfactory tubercle may therefore be involved in the intergration of olfactory and visual processing in frugivorous bats that depend substantially on these senses for foraging. the olfactory tubercle may therefore play a key role in multimodal sensory integration [37] , and this could be key in its relative enlargement in frugivorous bats. FoxP2 is also expressed in the parvo-cellular layers of the dorsal lateral geniculate nucleus (dlgn) in adult monkeys, implying a role in the visual system [13] . the two foraging strategies used by the bats studied here also involve other divergences in behaviors. frugivorous bats lack real laryngeal echolocation, instead, use their highly developed night vision for orientation and foraging [4, 18, 23] . Alternatively the three insectivorous bats employ a complex vocal behavior for capture by emitting sonar pulses, enabling them to be much less reliant on vision. this behavioral difference combined with the discrepance in FoxP2 expression patterns in the olfactory tubercle between the two groups might contribute to the remarkable visual differences and foraging differences of the bats in the two foraging guilds studied here.
further work such as knock-out studies are necessary to interpret properly the functions of FoxP2 in the olfactory tubercle. studies of frugivorous species that use echolocation, such as some phyllostomids, may help clarify the role of olfaction, vision and echolocation in influencing FoxP2 expression. acKnowledgeMents we thank Jim desmond from ecohealth alliance for the english writing and futher editing with our manuscript. There is no conflict of interest to declare. This study was supported by the National Natural science foundation of china (no. 31101641).
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